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THE PERFORMANCE OF N/P SILICON AND CdS SOLAR CELLS AS 

EFFECTED BY SIMULATED MICROMETEOROID EXPOSURE 

by M. J. Mirtich and R. L. Bowman 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

The resul ts  of recent s a t e l l i t e  experiments on Relay I and I1 ( r e f .  1) ind ica te  
t h a t  unshielded N/P s i l i c o n  s o l a r  c e l l s  degrade t o  approximately 50 percent of t h e i r  
i n i t i a l  shor t  c i r c u i t  current i n  4 days. I n  addi t ion t h i s  experiment showed t h a t  by 
using 30 or 60 m i l l  quartz cover p la tes  t h e  degradation was reduced such t h a t  t h e  
current f e l l  t o  only 95 percent of i t s  i n i t i a l  shor t  c i r c u i t  current i n  the  same 4 
days, ind ica t ing  t h a t  cover p la tes  e f fec t ive ly  protected t h e  s i l i c o n  s o l a r  c e l l s .  
For both t h e  covered and uncovered case, the reduction i n  c e l l  performance was a t t r i b -  
uted s o l e l y  t o  t h e  rad ia t ion  environment i n  space. The improved performance of the  
quartz-covered c e l l s  w a s  explained by absorption of harmful rad ia t ion  by the  covers. 
Considerable subsequent research has been devoted t o  developing rad ia t ion  resi$tant 
c e l l s  (refs. 2, 3), with e i t h e r  very th in ,  i n t e g r a l  g lass  cover p l a t e s  ( r e f .  4) or 
semiorganic spray coatings ( r e f .  5) t o  reduce system weight. However, very l i t t l e  
a t t e n t i o n  has been given t o  possible deleter ious e f fec ts  on c e l l  performance r e s u l t -  
ing from bombardment by the  high speed micrometeoroids i n  near-earth space. 
fore  t h e  work reported herein w a s  undertaken t o  invest igate  and Fsolate,  i n  a pre- 
liminary fashion, such possible e f f e c t s  b y  exposing both uncovered and covered N/P 
s i l i c o n  s o l a r  c e l l s  and encapsulated CdS so lar  c e l l s  t o  a simulated high speed micro- 
meteoroid environment, 
experiments involving rad ia t ion  environmental e f f e c t s  i n  order t o  determine r e l a t i v e  
damage r e s u l t i n g  from t h e  two environments. 
then made t o  relate r e a l  time-in-space with t h e  degradation i n  c e l l  performance obtained 
by t h e  simulated exposure. 
then be compared, a t  least qua l i ta t ive ly ,  with t h e  s a t e l l i t e  so la r  c e l l  performance 
experiments t h a t  have been flown i n  the  ac tua l  t o t a l  environment, bu t  on which no 
attempt w a s  made t o  separate the  two ef fec ts .  
w i l l  reduce t h e  p o s s i b i l i t y  of oversight wherein c e l l s  a r e  developed and flown imper- 
vious t o  one f a c t o r ,  but  rap id ly  degradable by the  other.  

s i l i c o n  s o l a r  c e l l s  (with cover p l a t e s  o f  various types and thickness) and CdS s o l a r  
c e l l s  (encapsulated i n  1 m i l t h i c k  H - f i l m  and mylar) were bombarded by clouds of 
6~ diameter S i c  p a r t i c l e s  accelerated t o  hypervelocit ies i n  a shock tube. The 
number, s i z e  and ve loc i ty  of t h e  p a r t i c l e s  were measured so t h a t  t o t a l  k i n e t i c  energy 

. of t h e  cloud of p a r t i c l e s  could be used t o  characterize t h e  exposure (ref. 6).  
p a r t i c l e  clouds of 6p S i c  were of s u f f i c i e n t  ve loc i ty  (2.65 km/sec) t o  simulate 
hypervelocity impact i n  metals ( r e f .  7 ) .  However, f o r  s o l a r  c e l l s ,  s ince no c r i t e r i a  

- e x i s t  f o r  designating the  minimum p a r t i c l e  speeds required f o r  hypervelocity impact 
on any of t h e  surfaces exposed t o  t h e  p a r t i c l e s  i n  the  present study, it w a s  assumed 
here t h a t  t h i s  ve loc i ty  would be suf f ic ien t .  

The degradation of the s o l a r  c e l l s  w a s  determined by measuring t h e  current-  
vol tage c h a r a c t e r i s t i c s  of the  c e l l s  both before and a f t e r  exposure t o  the p a r t i c l e  
clouds. The c h a r a c t e r i s t i c  curves were measured a t  an i n t e n s i t y  of one s o l a r  constant 
(140 mw/cm2) i n  t h e  carbon a r c  s o l a r  simulator described i n  reference 8. A ca l ibra ted  
thermopile w a s  placed next t o  the  s o l a r  c e l l s  t o  monitor t h e  beam i n t e n s i t y  during 
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There- 

This information can then be compared with other  ground 

For the  s i l i c o n  c e l l s ,  an attempt i s  

The e f f e c t s  of  the two environments simultaneously can 

Hopefully c l a r i f i c a t i o n  of these e f f e c t s  

I n  t h e  experimental program, unshielded and shielded 1 x 2 centimeter N/P 

The 
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t he  t es t  and t h e  c e l l s  were water cooled t o  inaintain a constant c e l l  temperature of 
25' C. 
t o t a l  bombardment exposure energy varying from 0 t o  0.316 joules  are shown i n  
f igure  1. 
cha rac t e r i s t i c .  Thus, t he  load r e s i s t ance  used i n  the  c e l l  c i r c u i t  becomes a 
c r i t i c a l  parameter when t h e  c e l l  output current  i s  used as an ind ica t ion  of unprc- 
t ec t ed  s i l i c o n  s o l a r  c e l l  degradation. 
c i r c u i t  conditions; i . e . ,  zero load resis tance.  

Typical cha rac t e r i s t i c  curves of a CdS s o l a r  c e l l  encapsulated i n  1 m i l  mylar 
f o r  a t o t a l  bombardment exposure energy varying from 0 t o  2.02 joules  are shown i n  
f igure  2. It w i l l  be noticed t h a t  t h e  shape of t h e  CdS curves, unl ike those of t h e  
unprotected N/P s i l i c o n  so la r  c e l l s ,  remain t h e  same with increasing exposure energy. 
Although not presented herein,  t h e  cha rac t e r i s t i c  curves o f  bombarded H - f i l m  encap- 
su la ted  CdS c e l l s  behave i n  a similar fashion. It should be  mentioned t h a t  grea t  care 
was taken t o  pro tec t  t h e  CdS c e l l s  from the  e f f e c t s  of  moisture ( r e f .  9 )  by keeping 
them i n  a desiccator  when not i n  use and a N2 f i l l e d  dry  box when obtaining character-  
i s t i c  curves with t h e  carbon a rc  simulator. 
c h a r a c t e r i s t i c  of a standard c e l l  were made throughout t he  experimental program and 
no e f f e c t  o f  moisture w a s  found. There were a l s o  no e f f e c t s  of  t h e  shocked gas flow 
alone, encountered i n  t h e  shock tube,  on the performance of t h e  so l a r  cells i nves t i -  
gated. 

I n  f i g u r e  3 t h e  r a t i o  of f i n a l  t o  i n i t i a l  shor t  c i r c u i t  current  (measured a t  one 
s o l a r  constanb) is  presented as a funct ion of  the  t o t a l  k i n e t i c  energy o f  t he  cloud 
of  bombarding pa r t i c l e s .  It can be seen t h a t  a t  0.1 jou le  exposure t h e  shor t  c i r c u i t  
current  f o r  t h e  unprotected N/P s i l i c o n  c e l l s  has dropped t o  approximately 40 percent 
of i t s  i n i t i a l  value, and t h a t  a t  0.2 joule  t h e  current  has dropped f u r t h e r  t o  15 per- 
cent of i t s  i n i t i a l  shor t  c i r c u i t  value. However, t he  s i l i c o n  so la r  c e l l s  with pro- 
t e c t i v e  cover p l a t e s  o f  6 m i l  microsheet, 2 1  m i l  quartz,  62 m i l  quar tz ,  and 60 m i l  
sapphire,  exh ib i t  r e l a t i v e l y  l i t t l e  damage (9576 of  i n i t i a l  shor t  c i r c u i t  a t  one-half 
j ou le )  when exposed t o  the  same k i n e t i c  energy of  pa r t i c l e s .  
or a change of material apparently afforded no fu r the r  protect ion f o r  t h e  solar c e l l  
a t  a given exposure. 

The CdS so la r  c e l l s  encapsulated i n  1 m i l  th ick  mylar exhibi ted about t h e  same 
r a t e  of reduct ion i n  shor t  c i r c u i t  current  as the  protected N/P s i l i c o n  s o l a r  c e l l s  
( f ig .  3). 
sulated CdS s o l a r  c e l l  w a s  g rea te r  than t h a t  of t he  mylar encapsulated CdS c e l l  when 
exposed t o  the same k i n e t i c  energy o f  pa r t i c l e s .  Actually 80 percent of i n i t i a l  shor t  
c i r c u i t  cur ren t  w a s  obtained f o r  t he  H - f i l m  encapsulated CdS a t  an exposure of 1 joule  
compared t o  87 percent for t h e  mylar encapsulated CdS c e l l  a t  t h e  same exposure. Many 
o ther  mylar and H - f i l m  encapsulated CdS s o l a r  c e l l s  were used i n  t h e  experimental pro- 
gram and a l l  exhibi ted reduction i n  sho r t  c i r c u i t  current  s imi la r  t o  the  ones presented 
i n  f i g u r e  3. These r e s u l t s ,  o f  course, do not  preclude t h e  p o s s i b i l i t y  of s ign i f i can t  
damage due t o  use of semiorganic coatings,  c the r  p l a s t i c s  or cover p l a t e s  whose th ick-  
ness a r e  less than those tes ted .  

i n  space f o r  comparison with some ac tua l  s a t e l l i t e  data, a conversion of laboratory 
exposure i n  jou les  t o  actual  time i n  space is  required. 
w i l l  be  compared s ince  CdS so la r  c e l l s  have not  as ye t  been tested i n  space. O f  
course, t h e  parameter chosen f o r  comparison must be obtained a t  t h e  same operating 
point ,  e.g. t h e  t r u e  sho r t  c i r c u i t  current condition. This la t ter  requirement i s  not 
always f u l f i l l e d .  For example, on the  Relay I and I1 s a t e l l i t e  experiment, each so- 
lar c e l l  w a s  loaded i n i t i a l l y  t o  give a voltage of about 165 m i l l i v o l t s  i n  space sun- 

Typical c h a r a c t e r i s t i c  curves of  an unprotected N/P s i l i c o n  s o l a r  c e l l  fo r  

It w i l l  be noticed t h a t  t h e  degraded c e l l s  exh ib i t  a r a the r  s t eep  l i n e a r  

Hence, our  data are presented a t  t r u e  shor t  

. 

I n  addi t ion,  frequent checks on the  

An increase i n  thickness  

However, the  reduction i n  sho r t  c i r c u i t  current  o f  t he  1 m i l  H - f i l m  encap- 

I n  order  t o  relate t h e  laboratory degradation of  c e l l  performance t o  t h a t  obtained 

Only N/P s i l i c o n  s o l a r  c e l l s  
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l i gh t .  If one assumes an i n i t i a l  sho r t  c i r c u i t  current  of  70 milliamps f o r  an i d e a l  un- 
damaged s i l i c o n  s o l a r  c e l l  as i n  reference 10, then t h e  minimum load res i s tance  was ap- 
proximately 2.35 ohms. A s  a r e s u l t  of t h e  constant high res i s tance  used and t h e  f a c t  
t h a t  l i n e a r  cha rac t e r i s t i c s  are obtained from degraded s i l i c o n  c e l l s  ( f i g .  1) the  
Relay I and I1 data  presented i n  reference 1 f o r  unprotected c e l l s  a re ,  i n  a l l  prob- 
a b i l i t y ,  not representat ive of shor t  c i r c u i t  conditions.  I n  f a c t ,  s ince  t h e  l i n e a r i t y  
of  t h e  degraded c e l l s  apparently changes, shor t  c i r c u i t  conditions a r e  not even apprcx- 
imated i n  a consis tent  fashion. This, of course, makes quan t i t a t ive  comparisons with 
ground s tud ie s  very d i f f i c u l t .  
laboratory da ta  presented herein f o r  unprotected s i l i c o n  c e l l s  can only be considered 
q u a l i t a t i v e  s ince  the  laboratory degradation i s  i n  terms o f  t h e  t r u e  sho r t  c i r c u i t  cur- 
rent .  
point  are not presented herein s ince  Waddel (ref. 1) points out  t h a t  beyond t h i s  point  
t he  da ta  are questionable. 

meteoroid environment of near-earth space. The micrometeoroid microphone impact f l u x  
da ta  of reference 11 as w e l l  as the  geocentric micrometeoroid f l u x  model o f  reference 
12  were used t o  estimate t h e  conversion fac tor .  One simple funct ion does not contin- 
uously descr ibe t h e  da ta  of  reference 11 between t h e  mass range of 10-8 t o  gram 
(i. e., t h e  micropart ic le  range). 
t h ree  mass ranges and representat ive f l u x  d i s t r ibu t ion  funct ions determined f o r  each 
mass in t e rva l .  
t h e  f l u x  d i s t r i b u t i o n  function w a s  integrated over these mass in t e rva l s  and t h e  r e s u l t s  
a r e  shown i n  t a b l e  I. For an average p a r t i c l e  ve loc i ty  of 30 k i lometers  per second, 
as i n  reference 11, the  t o t a l  k i n e t i c  energy f o r  a given mass range, w a s  calculated and 
is  snown i n  column 5 o f  t a b l e  I. Thus, i f  t h e  meteoroid mass d i s t r i b u t i c n  curve o f  
reference 11 i s  cor rec t ,  t h e  t o t a l  k i n e t i c  energy of  p a r t i c l e s  i n  the  mass i n t e r v a l  
10-8 t o  10-12 gram f a l l i n g  on a 1 x 2 centimeter solar c e l l  i n  1 year i s  4.95 joules., 

A rev ised  geocentric meteoroid mass-flux curve, t h a t  includes da ta  obtained both 
with microphone and penetrat ion systems, i s  presented i n  figure 3 o f  reference 12. The 
f l u x  d i s t r i b u t i o n  funct ion is  shown i n  t a b l e  I. Upon in tegra t ion  of t h i s  curve between 
t h e  l i m i t s  loe8 and gram and assignment o f  a p a r t i c l e  ve loc i ty  o f  7.35 kilometers 
per second (as i n  ref. 1 2 )  one f inds  t h a t  the t o t a l  k i n e t i c  energy of p a r t i c l e s  f a l l i n g  
on a 1 x 2 centimeter so l a r  c e l l  i n  1 year is  0.225 joule;  a value considerably lower 
than t h a t  obtained u t i l i z i n g  t h e  da ta  o f  reference 11. Hcwever, as potnted o u t  i n  r e f -  
erence 13, t h e  laboratory exposure energy cannot simply be replaced by the space energy 
t o  determine equivalent t i m e  i n  space. 
ference i n  s ing le  p a r t i c l e  k i n e t i c  energy. 
erence 13, assuming t h e  most numerous (minimum s i z e )  p a r t i c l e  i n  space t o  be 
and t h e  micrometeoroid f l u x  of reference 11, cS = 0.752 EL 
0.018 l abora tory  jou le  equals one space day (6.57 lab joules  = 1 space year ) .  
ca l cu la t ion  using t h e  geocentric meteoroid mass-flux curve o f  reference 1 2  y ie lds  
0.295 EL 
(0.762 l ab  jou le  = 1 space year)  f o r  equal damage. 

micrometeoroids i n  space t o  unprotected N/P s i l i c o n  so la r  c e l l s  i s  compared i n  f igu re  4, 
with t h e  Relay I and I1 data  (shown as the  s o l i d  l i n e s )  of reference 1. 
t h e  s a t e l l i t e  da ta  with t h e  determinations estimated f o r  t he  micrometeoroid environment 
of reference 11 indica tes  t h a t  the  i n i t i a l  damage could be due t G  micrometeoroids alone. 
Since t h e  load res i s tance  used i n  reference 1 w a s  high and t h e  c e l l  c h a r a c t e r i s t i c  de- 
grades as shown i n  f igure  l, the  current  r a t i o  presented i n  reference l is, i n  general, 
low. 
c lose r  agreement with the curve predicted using the  da ta  of reference 11. On t h e  other  

Consequently t h e  comparison of t h e  space da ta  with t h e  

It should be noted t h a t  Relay I and I1 data  below t h e  50 percent degradation 

The conversion o f  exposure t o  a c t u a l  time i n  space requi res  knowledge o f  t h e  micro- 

Therefore, t h e  d i s t r i b u t i o n  curve was broken up i n t o  

% f a l l i n g  on a 1 x 2 centimeter s o l a r  c e l l  To obtain t h e  t o t a l  mass 

The t o t a l  ccnversion must account f o r  t he  d i f -  
By using t h e  energy sca l ing  method of r e f -  

f o r  equal damage and hence 
gram, 

The same 
fS = 

and f o r  t h i s  f l u x  model 0.0921 lab joules  i s  equivalent t o  one space day 

Using these  t ime-laboratory k i n e t i c  energy conversions, t h e  expected damage from 

Compariscn of 

A s  a r e s u l t ,  t he  Relay da ta  i f  corrected f o r  these e f f ec t s  should be i n  much 
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hand, i f  t he  f l u x  function of reference 1 2  is used, it could then be concluded t h a t ,  
after 4 days i n  space, most of t he  reduction i n  performance of Relay I and I1 s o l a r  
c e l l s  was due t o  rad ia t ion  r a the r  than micrometeoroids. It w i l l  be  noticed t h a t  an 
unprotected N/P s i l i c o n  solar c e l l  w i l l  degrade t o  50 percent of t h e  i n i t i a l  shor t  
c i r c u i t  current  i n  about four space days from t h e  micrometeoroid environment o f  r e f -  
erence 11. 
resenta t ive  of t he  micrometeoroid environment and extrapolated beyond 4 space days an 
unprotected N/P s i l i c o n  s o l a r  c e l l  w i l l  degrade t o  50 percent of i t s  i n i t i a l  sho r t  
c i r c u i t  current  i n  about 34 space days. Both of these  times, although d i f f e r ing  by a 
f ac to r  o f  8, are shor t  f o r  any near e a r t h  space mission using unprotected s o l a r  c e l l s  
as a power supply and ind ica te  t h a t  t h i s  type of c e l l  must be protected from t h e  near 
ea r th  micrometeoroid environment. 

t ec t ed  (30  m i l  cover p l a t e )  N/P s i l i c o n  so la r  c e l l s  of Relay I and I1 agains t  time i n  
space. Also presented, f o r  comparison purposes, i s  t h e  expected damage t o  protected 
s o l a r  c e l l s  due t o  t h e  micrometeoroid environment of near-ear th  space. These curves 
were again found by converting t h e  laboratory imposed damage o f  f i gu re  3 f o r  protected 
s o l a r  c e l l s  t o  real  time i n  space, using the methods of t he  previous paragraphs. The 
figure shows t h a t ,  f o r  both t h e  micrometeoroid f l u x  da ta  of references 11 or 12, a 
so la r  c e l l  with any of t he  cover p l a t e s  used herein would s u f f e r  negl ig ib le  damage i n  
4 days due t o  micrometeoroids alone, when compared t o  the  unprotected N/P s i l i c o n  s o l a r  
ce l l s .  I n  55 days, t h e  s o l a r  c e l l  current  would 'be reduced t o  0.90 o f  t h e  i n i t i a l  cur- 
r e n t  due t o  t h e  micrometeoroid environment of  reference 11 alone. 
somewhat l e s s  bu t  o f  t h e  same order as t h a t  suffered by t h e  Relay I and 11 protected 
s o l a r  ce l l s .  For t h e  geocentric micrometeoroid f lux model of reference 12, t he re  i s  
very l i t t l e  damage suffered (about 1% reduction i n  ISCin i t i a l )  i n  55 days from micro- 
meteoroids alone. The degradation of t h e  protected N/P s i l i c o n  s o l a r  c e l l s  i n  space 
could then be due pr imari ly  t o  t h e  rad ia t ion  environment near t h e  ear th .  

I n  summary, r e s u l t s  of t h e  present ground study of degradation of  protected and 
unprotected s o l a r  c e l l s  bombarded by simulated micrometeoroids ind ica te  t h e  following: 

1. Micrometeoroid damage t o  N/P s i l i c o n  s o l a r  c e l l s  covered by t h e  th innes t  g l a s s  
shee ts  t h a t  were used ( 6  mils) w a s  g rea t ly  reduced from t h e  damage obtained from c e l l s  
without cover p la tes .  
thickness  t o  60 m i l s  gave no addi t iona l  protection. 
c e l l s  were degraded rap id ly  by simulated micrometeoroid bombardment. 

2. A mylar encapsulated CdS solar c e l l  w i l l  perform i n  a micrometeorcid environ- 
ment as w e l l  as a N/P s i l i c o n  s o l a r  c e l l  protected by a 6 m i l  cover sheet.  
m i l )  encapsulated CdS s o l a r  c e l l s  a f fords  more protect ion from micrometeoroid bombard- 
ment than H - f i l m  (1 m i l )  encapsulated CdS so la r  c e l l s .  

3. The conclusions drawn from a comparison o f  laboratory r e s u l t s  with sa te l l i t e  
r e s u l t s  depend heavi ly  on the  micrometeoroid f l u x  d i s t r i b u t i o n  chosen as representat ive 
of t h e  micrometeoroid environment. Although t h e  comparison i s  not ye t  d e f i n i t i v e  due 
t o  t h e  uncer ta in ty  i n  t h e  choice of  micrometeoroid flux model, it indica tes  t h a t  p m -  
t e c t i o n  of s o l a r  c e l l s  from micrometeroroid damage may be as improtant as protect ion 
aga ins t  r ad ia t ion  damage. 
which p ro tec t  aga ins t  rad ia t ion ,  may not be adequate t o  pro tec t  t h e  c e l l  aga ins t  micro- 
meteoroids. 

On t h e  o ther  hand, i f  the  flux function o f  reference 1 2  i s  used as rep- 
. 

' 

Figure 5 presents  t h e  r a t i o  of t h e  f i n a l  t o  i n i t i a l  sho r t  c i r c u i t  current  f o r  pro- 

This degradation i s  

Changing the  cover material t o  quartz or sapphire, or increasing 
Unprotected N/P s i l i c o n  so la r  

Mylar (1 

~ 

This suggests t h a t  i n t e g r a l  covers o f  very t h i n  coatings . 

SYMBOLS 

A area 
E i  1/2 MTV~A,  joules/yr ,  t o t a l  k i n e t i c  energy of a cloud of p a r t i c l e s  i n  space f a l l -  

ing  on a (1x2) cm area 
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flux distribution function for a given particle mass interval 
short circuit current 
total mass falling on a given area 
particle mass 
particle velocity -- 

2 
1/2 mjvi, joules, total kinetic energy c 1 x 2 cm area 

I Subs cr i pt s 

L laboratory 
S space 
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Figure T i t l e  L i s t  

Figure 1. Typical Character is t ic  curves of an unprotected N/P s i l i c o n  s o l a r  c e l l  before 
and after exposure t o  (6)p S i c  p a r t i c l e s  a t  2.65 km/sec 

Figure 2. Typical c h a r a c t e r i s t i c c u r v e s o f  a CdS s o l a r  c e l l  encapsulated i n  a 1 m i l  
mylar f i l m  before and a f t e r  exposure t o  (s)p S i c  p a r t i c l e s  a t  2.65 km/sec 

Figure 3. Plot  of r a t i o  of f i n a l  t o  i n i t i a l  shor t  c i r c u i t  current f o r  1 x 2 cm s i l -  
icon and CdS s o l a r  c e l l s  against  k ine t ic  energy of cloud of impinging ( z ) p  S i c  
p a r t i c l e s  a t  2.65 km/sec i n  the  laboratory 

space f o r  unprotected N/P s i l i c o n  so lar  c e l l s  

s i l i c o n  s o l a r  c e l l s  against  time i n  space 

Figure 4. Plot  of r a t i o  of f i n a l  t o  i n i t i a l  shor t  c i r c u i t  current aga ins t  time i n  

Figure 5. Plot  of r a t i o  of f i n a l  t o  i n i t i a l  shor t  c i r c u i t  current f o r  protected N/P 

. 
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0 CdS solar cel l  encapsulated in 1 m i l  t h i c k  Mylar f i l m  
0 CdS solar cel l  encapsulated in 1 m i l  t h i c k  H- f i lm 
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N 
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i 2  
F igure  3. - Plot of ra t io  of f i na l  to i n i t i a l  shor t  c i r c u i t  

and CdS solar cel ls versus  kinetic energy of c loud of 
c les at 2.65 kmlsec in t h e  laboratory. 
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c u r r e n t  for 1x2 c m  
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Relay I unprotected NIP si l icon 
solar cells 

Relay I1 unprotected NIP si l icon 
solar cells 

Expected damage to  unprotected 
NIP si l icon solar cells due to 
micrometeoroids via f lux  curve  
of ref. 11 

NIP si l icon solar cells due to 
micrometeoroids via f lux  curve  
of ref. 12 

-- 

--- Expected damage t o  unprotected 

P '\ 

- 
1 2 3 4 

Time in orbit, days 

Figure 4. - Plot of rat io of f ina l  to in i t ia l  shor t  
c i rcu i t  cu r ren t  versus t ime in space for 
unprotected NIP si l icon solar cells. 
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due to  micrometeoroids via f l ux  curve  of fef. 11 

due to  micrometeoroids via f l ux  cu rve  of ref. 12 
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Figure 5. - Plot of rat io of f ina l  to  i n i t i a l  shor t  c i r cu i t  c u r r e n t  for 
t h e  protected NIP sil icon solar cells versus t ime in space. 
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